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A limited set of starch related genes explain several

interrelated traits in potato
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Abstract To understand the molecular basis of
potato starch related traits and the underlying starch
biosynthesis and degradation, a Quantitative Trait
Locus (QTL) analysis in combination with a candidate
gene approach was performed. The diploid mapping
population C x E, consisting of 249 individuals, was
assayed over two consecutive years, for chipping
colour, cold induced sweetening, starch content, starch
granule size, starch gelling temperature, starch
enthalpy, amylose content and degree of starch phos-
phorylation. QTLs were observed for all traits, except
enthalpy on eight out of the twelve potato chromo-
somes. Several QTLs were found to be consistent over
2 years. Clustering of co-localizing QTLs was
observed on some chromosomes, indicating common
genetic factors for the different traits. On chromosome
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2, Soluble Starch Synthase 2 mapped on the same
position as QTLs for starch phosphorylation, starch
gelling temperature and amylose content. a-glucan,
water dikinase co-localizes on chromosome 5 together
with QTLs for starch phosphorylation and cold
induced sweetening. Furthermore, the genes coding
for two phosphorylases (StPhola and StPho2) coincide
with QTLs for starch gelling temperature, chipping
colour and starch granule size on chromosome 2 and a
QTL for starch phosphorylation on chromosome 9,
respectively. The results suggest allelic variation
acting on the genetics of the different traits.

Keywords Potato - Starch - QTL - Candidate gene

Introduction

Starch is the main insoluble carbohydrate in plants and
is present in many different plant organs, as transitory
starch in green leaves or as storage starch in roots,
tubers and seeds (Kossmann and Lloyd 2000). In
potato, starch is mainly accumulated in starch granules
of tubers and consists of two different polysaccha-
rides, amylose and amylopectin in a 1:4 ratio respec-
tively. This ratio has already been found to correlate
with a number of different starch characteristics such
as retro gradation of starch pastes (Visser et al. 1997a),
poor transparency of starch gels and low adhesiveness
(Visser et al. 1997b) and high granule melting temper-
atures (Schwall et al. 2000). Other starch properties
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including the degree of branching of amylopectin
(Kortstee et al. 1998) and the phosphate contents of
starch, can also have a profound influence on the
characteristics and practical application of starch. Starch
properties do not only have an impact on physio—
chemical characteristics of starch as gelling agent, they
also influence frying quality due to cold induced
sweetening of potato tubers during cold storage in a
direct manner. During cold induced sweetening, starch
is broken down to the sugars glucose and fructose,
making the tubers unsuitable for processing (Burton
1969). The degree of starch phosphorylation has been
reported to influence the amount of cold induced
sweetening (Lorberth et al. 1998).

In the gene pool of potato a wide natural variation is
present with respect to different features of starch,
although certain properties can only be achieved
through chemical modification. Significant effort has
already been put into elucidating the complete biosyn-
thetic pathway of starch granules and understanding
the mechanisms underlying the observed variation.
Most of the enzymes involved in assembling starch
granules are well known. A simplified scheme of starch
metabolism is shown in Fig. 1. The substrate for the
biosynthesis of starch polymers, ADP-glucose, is
produced from glucose-6-P via glucose-1-P by phos-
phoglucomutase and ADP glucose pyrophosphorylase
(AGPase) respectively (Mullerrober et al. 1992; Stark
et al. 1992). ADP glucose is then used by the different
starch synthase isoforms to construct the starch poly-
mers. Starch synthases I, II and III (SSSI, SSSII and
SSSIII) are mainly present in the soluble phase whereas
the granule bound starch synthase I (GBSSI) is bound
to the granule and catalyses the synthesis of amylose
(Kuipers et al. 1994). Other enzymes such as branching
enzymes (SBE), debranching enzymes (DBE) and
phosphorylating enzymes as «-glucan, water dikinase
(GWD) complete the synthesis of starch granules
(Hofvander et al. 2004; Ritte et al. 2002). The first step
is the break down of the starch back to the glucoses by
AGPases, Starch Phosphorylases (StPho) and amy-
lases, followed by the breakdown of glucose to sucrose
by UDP glucose pyrophosphorylase (UGPase) and
sucrose-6-phosphate synthase (SPS) and then the final
step from sucrose to the reducing sugars glucose and
fructose by invertases (Sowokinos 2001).

Different sets of genes control the synthesis and the
degradation of starch granules and influence potato
quality traits. To analyse the influence of these genes
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on phenotypic variation for starch properties, chipping
colour and cold induced sweetening Quantitative Trait
Locus (QTL) analysis is an appropriate method.
Almost all genes involved have been mapped and
cloned, creating the opportunity to strengthen QTL
analysis by including candidate gene markers in the
analysis. Here we describe the QTL analysis for a
number of novel starch characteristics such as starch
granule size, melting temperature and enthalpy,
degree of phosphorylation, amylose content and
overall starch content, as well as for chipping colour
and the impact of cold induced sweetening on
chipping colour. By including markers for the majority
of starch related genes into the analysis we were not
only able to identify the QTLs, but also indicate which
genes are putatively involved in the different traits.
Furthermore, by correlation analysis of the phenotypic
data and comparison of the QTL mapping results,
correlated characteristics can be identified.

Materials and methods
Plant material and linkage map construction

The diploid potato mapping population C x E was
used, descending from the backcross between C (US-
W5337.3) (Hannemann and Peloquin 1967) and E
(77.2102.37) where C is the recurrent parent (Jacobsen
1980). In this study an expanded version of the linkage
map of van Eck et al. (1995) was used, with an
offspring size expanded to 249 full sib descendants.
All additional individuals were genotyped using 16
AFLP markers with 15 primer combinations E32/
M47, E32/M48, E32/M49, E32/M50, E32/M51, E32/
M54, E32/M59, E32/M61, E35/M47, E35/M48, E35/
M50, E38/M59, E39/M60, E45/M59 and E45/M60.
The P-locus represents a morphological marker
involved in blue anthocyanin pigmentation. Further-
more, the SSR markers STM0003, STM0019, STM
0037, STM0051, STM1100, STM2005, STM2028,
STM3012, STM3016, STM3023, STM5127, STM
5136, STM5148 (Reid et al. 2011), and StI001, StI003,
StI007, St1022, St1024, St1028, StI029, StI032, StI033,
Stl046, StI051, StI053 and StI057 (Feingold et al.
2005) were used. SSR markers were amplified in
separate PCR reactions in a 20 pl reaction volume,
containing 10 ng genomic DNA, 75 mM Tris—HC] pH
9.0, 20 mM (NH,4),SO4 0.1 % (w/v) Tween 20,
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Fig. 1 Simplified
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2.5 mM MgCl,, 100 uM of each dNTP (Fermentas),
4 pmol of each primer and 0.3U Goldstar 7ag DNA
polymerase (Eurogentec). The PCR cycles were 94 °C
for 3 min, followed by 40 cycles of 94 °C for 30 s,
50 °C for 30 s, 72 °C for 45 s and a final extension at
72 °C for 10 min. Differently labelled PCR products
(6-FAM, HEX and NED) were combined in appro-
priate amounts to obtain optimal peak patterns for
detection. The fluorescently labelled products were
separated by capillary electrophoresis using an ABI
PRISM 3700 DNA Analyzer (Applied Biosystems).
Electropherograms were created automatically using
GENESCAN ANALYSIS SOFTWARE V3.7 (Applied Biosys-
tems). Peak mobilities and areas were determined
using ABI PRISM Genoryper® 3.6 NT software.
Genes involved in carbohydrate metabolism were
mapped as SCAR or CAPS markers are shown in
Table 1.

The integrated map of the C x E population con-
sisting of 192 dominantly scored AFLP markers, 28 SSR
markers and 24 CAPS/SCAR markers calculated as
done previously (van Eck et al. 1995). The linkage
groups were assigned to the 12 linkage groups repre-
senting the 12 chromosomes on the basis of the earlier
version of this map comprising a total length of 996 cm.

All clones were grown in field trials on clay soil
near Wageningen, the Netherlands during the normal

potato-growing season (April-September). Each
genotype was planted in four-hill plots, in three
replications with randomised plots. The field trials
were repeated over 4 years. The data on potato
chipping colour were obtained on the harvests of the
years 1998 and 1999, the different starch characteris-
tics were measured on the harvests of the years 2002
and 2003.

Analysis of potato tuber starch characteristics

Directly after harvest of a single plot, 0.5 kg of fresh
potato tubers per genotype was peeled, sliced and
mixed and grinded. During grinding of the tuber slices,
the juice was collected and 0.01 % of sodium
metabisulphite (Na,S,05) was added. Collected juices
were taken to 4 °C to settle for at least 3 h. The juice
was separated from the settled starch and deminera-
lised water was added. The starch was mixed with the
water and again given the opportunity to settle at 4 °C
for 3 h, this washing step was repeated two more
times. Finally the starch was poured on a Whatman
filter paper on a Buchner funnel and later air dried at
room temperature before being powdered using a
sieve shaker (Retsch, Germany).

All the starch characteristics were analysed in three
technical repeats of the same starch sample from a
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Table 1 Molecular marker assays for genes involved in starch metabolism

Locus Function Genebank accession Linkage  Primers 5'-3' CAPS Fragment
name group digest size (bp)
AGPaseS  ADP-glucose X76136 1 f-aagcctaatatctgcatgtca HpyF10VI 500
pyrophosphorylase S r-gagcacatcttctatgtectt
SSSII Soluble starch X52417 2 f-tggcttaaaccaattgtatg Hinll 350
synthase IT r-tacaagtaatgaacctcacca
SSSIIT Soluble starch X94400 2 f-aacaaaagttcaggtcctctctc  HpyF10VI
synthase 111 r-aaatcccaccatcttctetete
StPhola o-Glucan D00520 3 f-atggcgactgcaaatggagca  Mspl 540
phosphorylase r-ccatacttgtacctaagtccatag
StChy2 Beta-carotene GU233534 3 f-cgagatgggctcatagagcact  Alul
hydroxylase r-gaaagtaaggcacgttggcaat
StPholb L-type starch X73684 5 f-acacactatgttctgcettetcttc - SCAR
phosphorylase r-actatcctccacctcaaccttc
PhyB2 Phytochrome B2 AF014159 5 r-gtegtggcggagagtagaag SCAR
r- agggtgacaaccatgaggag
GWD o-glucan, water Y09533 5 f-tccatcctgagactggagatac  SCAR
dikinase r-acttgtactgcaggactggaag
AGPaseB ~ ADP-glucose X55155 7 f-tgaaaatgacacacagactgt SCAR
[];yr ophosphorylase r-ggttgcagttctacttgtaag
HQT Quinate Hydroxy- HMO010923 7 f-ttccttcattcacattttaca SCAR
cinnamoyl r-ccacgtgttgatgaagtg
Transferase
AGPS2 ADP-glucose X74982 7 f-acggaaaattttcatcttaac Alul 650
pyrophosphorylase S r-gaaagcaaccatgtgaaat
StGBSS Granule bound starch ~ X58453 8 f-actagcgttgcggttgagat SCAR
synthase r-cctetagggetgcttgacac
POT32 Polyphenol oxidase U22921 8 f-cttcttcttccacttettt SCAR
r-ggcaaagttgaacct
StTLRP Tyrosine-lysine rich GU233535 9 f-atgggttccaaggcaattatgtt ~ SCAR
protein r-gaatggctttattcatacttgtt
StPho2 H-type starch M69038 9 f-gcatactatgctgctactgetg Hphl 850
phosphorylase r-gcacatcatatgcaagagectg
ENOLASE Enolase X58108 9 f-cttggtgcaaatgccatecttg SCAR
r-cagcttcaatactctcggtcac
InvGF Apoplastic invertase 722645 9 f-gttgggctttgccagttate SCAR
r-gececatactgaccceatttg
StUCP Starch uncoupling Y11220 9 f-gaacccttttagtttctcttt SCAR
protein r-tgccaacagtacctaataatc
LHY Late elongated PGSC0003DMG40001294 10 f-aatatggtcctccccgaaag SCAR
hypocotyl r- gttcagccggaagagtgaag
StLin8 Apoplastic invertase HQ110081 10 f-attaattgtcgctgacgtt Ddel 1800
(InvCD141 = Ling) r-atggtccatgcattcaat
StLin6 Apoplastic invertase 722645/HQ197977 10 f-acaacccaaagggagcgat SCAR

(InvCD111-Lin6)

r-ccatgctccaageatttaga
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Table 1 continued

Locus Function Genebank accession Linkage Primers 5'-3’ CAPS Fragment

name group digest size (bp)

UGPase UDP-glucose P19595 11 f-aagcttttatgectgecatgtca  HpyCH4IV 210
pyrophosphorylase r-gecgatagetctgaactt

single field plot. The starch samples from the harvests
of the years 2002 and 2003 essentially represent
biological replications, and the final trait value is an
average over these three repeats and 2 years. The
starch granule sizes of all samples were measured
using a Coulter Counter Multisizer II (Beckman-
Coulter, High Wycombe, UK) using a orifice tube.
Approximately 10 mg of starch was suspended in
about 150 ml of isotonic solution. The measurements
of the granule sizes were each time recorded for at
least 50,000 particles.

The parameters onset temperature of melting (To)
and differences in enthalpy (AH) were measured
automatically by Differential Scanning Calorimetry
(DSC), using the Perkin-Elmer Pyrus 6 (Perkin-Elmer,
Vlaardingen, the Netherlands). The characteristics
were automatically measured with the accompanying
software. The experiment was done as described by
(Ji et al. 2003).

Measuring the degree of starch phosphorylation (in
nmol PO4/mg starch) was done using a high throughput
96-well format. 20 mg of starch was put in a glass tube,
together with 250 pl 70 % HClO,4 and heated at 250 °C
for 25 min. Then 50 pl 30 % H,O, was added and heated
at 250 °C for another 5 min. After cooling down and the
volume was increased to 2 ml by adding H,O. 100 pl of
the starch sample was then put into a 96-well microtiter
plate and 200 pl of colour reagent (0.75 % (NH4)6Mo,
0,4-4H,0, 3 % FeSO,4-7H,0 and 0.75 % SDS dissolved
in 0.375 M H,S0,) was added and mixed for 9 s in the
microtiter plate reader. After incubation for 10 min at
room temperature, the absorbance was measured at
750 nm in the microtiter plate reader against a reference
sample. The amount of nmol PO, per mg starch could be
calculated using the following formula: nmol PO4/mg
starch = (C microtiter plate x 20)/(Weight x dw%/
100)), with “C microtiter plate being the temperature
in °C, “weight” the amount of starch in mg and “dw%”
the percentage dry weight of the starch.

Amylose content was determined using the proto-
col by (Hovenkamp-Hermelink et al. 1988), by

extracting the starch with perchloric acid followed
by determination of the absorption at 618 and 550 nm
after staining with Lugol’s solution (I,-KI).

Starch content (also referred to as underwater
weight) was determined for each plot in 1998 and
1999 by calculating a measure for it based on the dry
and under water weight. The formula used was (5000/
dry weight (g)) x underwater weight (g).

Determination of potato chipping colour

The potatoes of each plot of the three replications were
harvested and then divided into three equal batches,
which makes nine batches per genotype. The three
replications of the first batch of potatoes was fried in
2 weeks after harvest, two other batches were stored in
crates in a climate room for 3 months at4 °C. The three
replicates of the second batch of potatoes was fried
directly after the 3 months storage. The three replicates
of the third batch was reconditioned at room temper-
ature for 3 weeks before frying, to see if the potatoes
could recover from the cold storage treatment.

For the frying of the potatoes, three slices of three
potato tubers were taken and fried in peanut oil at
180 °C until the slices showed no bubbling anymore.
Frying colour was visually assessed on a scale from 1
(dark) to 9 (light). The trait values for cold induced
sweetening are based on the differences in frying colour
observed immediately after harvest and cold storage.
The trait values for the reconditioning are based on the
differences in frying colour observed immediately after
cold storage and after reconditioning.

QTL mapping

The phenotypic data were tested for normality and
when not normally distributed, transformed (square
root). QTL analysis was performed using the software
package MapQTL® version 5.0 (Van Ooijen 2009).
QTL analysis was done using the interval mapping
method developed by (Lander and Botstein 1989). The
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results of the interval mapping were compared to the
results of the Kruskal-Wallis test and no differences
between the results of the two analyses were observed.
Detection of a QTL was also done using a LOD
threshold calculated with the permutation test option
provided in MapQTL® (Van Ooijen 2009). The two-
LOD support interval was taken as a confidence
interval for a QTL.

To estimate the cultivar means Yjj for chipping
colour across years the following model was used.
Yijx = 1 + Genotype; + yearj + (replicate ~ within
year)i) + €jjx, Where (replicate within year) implies
the three replicated plots within a field trial from
which phenotypes were recorded. The cultivar means
for starch phenotypes were obtained one a per year
basis using Y = u + genotype; + replicate; + ej;,
where replicate within the year of the field trial implies
the three technical replicates based on one starch
sample. Random terms are underlined. Heritabilities
for cultivar means across 2 years and three plot
replicates were calculated according to: h* = oé/
(o’é + 63/2 + 0’5/3), with Jé the variance component
for cultivar main effects, 0'5 the variance component
for the year effect and o2 the error variance. The
genotypic main effects from the above mixed model
was used to inspect trait correlations.

Results
Phenotypic data analysis

The starch characteristics were analysed over 2 years
and averaged per year over three technical repeats.
Figure 2 shows the distributions per year for the
different starch traits. All traits values were normally
distributed with the exception of the 2002 data for
enthalpy. The segregation of the trait values was
transgressive in both years (Fig. 2). In the cases of
starch phosphorylation, onset temperature of starch
gelling, enthalpy, granule size and percentage amy-
lose, the parental values of C and E are in the middle of
the range of the values of the progeny. The level of
observed variation of the traits was similar between
years, however, we observed a shift in range of the
data between years. For instance, the average amount
of PO, per gram starch was 4.77 mg higher in 2002
than in 2003 but the range of the observations for both
years was 25 mg PO, (the difference between the
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highest and lowest of the observed values in each
year). A similar shift in range of data was also
observed for most of the other starch traits. For the
data of 2002 starch phosphorylation, granule size and
percentage amylose was on average higher than in
2003, 4.77 mg POy, with 1.3 pm and 1.3 % respec-
tively. Onset temperature of starch gelling and
enthalpy was higher in 2003, at 0.7 and 1.0 °C
respectively. The level of variation in the data is
similar in both years for starch phosphorylation being
25 mg POy, and an average granule size of 12 pm.
Very high correlations between years can be found for
starch phosphorylation, starch gelling temperature and
starch content, with correlation coefficients of 0.88,
0.79 and 0.72 respectively. Enthalpy, average granule
size and percentage of amylose are much less stable
between years, with correlation scores of —0.46, 0.47
and 0.45 respectively.

Not only correlations between years within a trait
could be calculated but also the correlations between
different traits were calculated and the significance of
the correlation, shown by the Pearson correlation
coefficient and the corresponding p values (Table 2).
Several starch characters showed significant correla-
tion coefficients (p < 0.001). The degree of starch
phosphorylation is correlated with starch gelling
temperature, average granule size and percentage
amylose, with correlation coefficients of 0.42, —0.42
and —0.55. Also, granule size and percentage amylose
are significantly correlated with a score of 0.34. Based
on this data, we can conclude that several of the starch
characteristics have an effect on one another.

Chipping colour and cold induced sweetening were
scored over 2 years. The phenotypic data was similar
in both years (p = 0.72, p < 0.0001). A preliminary
QTL analysis showed near complete coincidence of
QTLs (data not shown), which justified averaging
across years. The variation within the C x E popula-
tion with regard to chipping colour is very large. On
the scale of 1-9, progeny genotypes exhibit scores
ranging from 1 to 8. Photographs of the different
degrees of discolouration are shown in Fig. 3a. The
distributions of the chipping colour scores, at the three
different time points, as well as those of the values for
cold induced sweetening are given in Fig. 3b. Just as
for the starch characteristics, the chipping colour has
an approximately normal distribution and a transgres-
sive segregation at all three time points, see Fig. 3b.
Broad sense heritabilities are estimated to be 0.77,
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Fig. 2 Distribution of the different starch characteristics in the
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and the black bars the data from 2003, or in the case of starch

0.71 and 0.68 for chipping colour directly after
harvest, after 3 months storage at 4 °C and recondi-
tioning at room temperature respectively. For cold
induced sweetening, the heritabilities range from 0.69
for the difference between chipping colour after
harvest and after storage, to 0.66 for the difference
between the after harvest and after reconditioning time
points. In order to establish a relationship between
different chipping colours at the different time points
and cold induced sweetening, correlation coefficients
with associated p values were calculated and are
presented in Table 2. Significant correlations (p <
0.001) are found between chipping colour directly after
harvest and after reconditioning and between chipping
colour after 4 °C and reconditioning. With regard to
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content 1998 and 1999 respectively. The letters C and Erepresent
the parental values for the individual years. Parental values for C
for 2002 are not present due to absence of starch samples

cold induced sweetening, several significant correla-
tions are observed (Table 2). These correlations exist
between chipping colour at different time points as well
as between several differences between these time
points that we use as an indication for cold induced
sweetening.

The results above represent an independent analysis
the starch traits and the traits related to chipping
colour. The combination of these two data sets, allow
putative relations between starch and chipping quality
traits to be determined. The majority of these corre-
lations shown in Table 2 are non-significant, however,
with some notable exceptions. A significant correla-
tion (p = 0.36, p < 0.001) exists between granule
size and cold induced sweetening. Another significant
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Table 2 Analysis of the correlation among and between starch
traits and chipping quality traits based on averaged trait values
over the years. (A) Correlation between starch properties,
(B) Correlation between chipping traits (Chip-AH = chipping
colour after harvest, Chip-4C = chipping colour after storage
at 4 °C, Chip-AR = chipping colour after reconditioning at
room temperature, CS(AH-4C) = cold induced sweetening

based on the difference between chipping colour after harvest
and 4 °C storage, CS(AH-AR) = cold induced sweetening
based on the difference after harvest and after reconditioning
and CS(4C-AR) = difference in chipping colour between 4 °C
storage and reconditioning.) (C) Correlation between starch
and chipping traits

A
Gelling Temp. Enthalpy Granule size Amylose content Starch content
Starch phosphate 0.427%%* —0.07™* —0.42%H%* —0.55% %% —0.17n.s.
Gellling temp. —0.01™* —0.23* —0.30%%** —0.02n.s.
Enthalpy —0.02™* —0.04™* —0.06n.s.
Granule size 0.347#5%% —0.07n.s.
Amylose content —0.17n.s.
B
Chip-4C Chip-AR CS(AH-4C) CS(4C-AR) CS(AH-AR)
Chip-AH 0.32%** 0.427%%%** 0.83**** —0.04™* 0.88%***
Chip-4C 0.64 %% —0.26* 0.59%*** 0.02"™*
Chip-AR 0.06 —0.24* —0.06™*
CS(AH-4C) —0.38***% 0.89%33
CS(4C-AR) _o.17
C
Starch phosphate Gelling temp. Enthalpy Granule size Amylose content Starch content
Chip-AH 0.07n.s. 0.13n.s. —0.21* —0.25% —0.22% 0.35%%**
Chip-4C —0.29%* 0.19™* —0.02n.s. 0.16n.s. 0.12n.s. 0.18n.s.
Chip-AR —0.12n.s. 0.10n.s. —0.01n.s. 0.10™* —0.05™* 0.357%#*
CS(AH-4C) 0.24* 0.01n.s. —0.20* —0.36%** —0.29%* 0.25%
CS(4C-AR) —0.24* 0.14n.s. —0.02n.s. 0.10n.s. 0.20* —0.14™*
CS(AH-AR) 0.15n.s. 0.09n.s. —0.23* —0.34#%% —0.04* 0.20*

The number of asterix symbols denote the statistical significance of the correlation at p < 0.05(*), p < 0.01(**), p < 0.001(***) and

p < 0.0001(****), n.s. lack of significance

correlation can be observed between chip colour
before and after cold storage and starch content
(p = 0.35, p < 0.001). We conclude that most of the
starch related traits, including chipping colour and
cold induced sweetening are interconnected.

QTL analysis

All traits were analysed separately for both years with
the exception of the chipping and cold induced
sweetening related traits, as no obvious differences
were observed between the QTLs for 1998 and 1999.
QTLs were observed on eight of the 12 chromosomes
using the LOD threshold calculated by permutation
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test, an overview of the QTL distribution over the map
is given in Fig. 4. All QTLs were named according to
the trait, the year and the chromosome on which they
occur. An overview of all the QTLs and their
characteristics is given in Table 3.

QTL analysis of starch phosphorylation revealed 3
QTLs observed in both of the years. The QTLs SP02-
2, SP02-5 and SP02-9 explain 21.4, 15.1 and 19.6 % of
the phenotypic variance. The corresponding QTLs
observed in the other year, explain a larger proportion
of the phenotype variance of this trait, (30.3, 29.0 and
18.1 % respectively for SP03-2, SP03-5 and SP03-9).
Three QTLs were detected for starch gelling temper-
ature on chromosome 2, 3 and 5. A major QTL
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Fig. 3 a Photographs of the different chipping colours, ranging
from 1 (dark) to 9 (light). b Distribution of the phenotypic
values for chipping colour ranging from 1 (dark) to 9 (light), and
¢ Distribution of the phenotypic values for cold induced
sweetening. For chipping colour (b) the white bars represent
the phenotypic values directly after harvest, the grey bars
represent the phenotypic values after 4 °C storage and the black
bars represent the phenotypic values after reconditioning at
room temperature. In ¢ the white bars represent the population

indicated as SGT02-2 and SGT03-2 on chromosome
2, explaining 35.8 and 45.5 % of the phenotypic
variance, was observed in both years. Two minor QTL
STGO02-5 and SGTO03-3 were significant in only
1 year. For starch granule size, the QTLs on chromo-
some 8, SGS02-8 and SGS03-8 were consistent in
both years, while QTL SGS02-3 is present in 2002 on
chromosome 3 and QTL SGS03-9 is present in 2003
on chromosome 9. Amylose content and starch content
show the most QTLs of all the starch traits. Five
chromosomal regions (2, 3, 5, 7 and 10) are associated
with amylose content. The QTLs on chromosomes 2
and 3 were significant in both 2002 and 2003, while
the other three QTL were significant in only 1 year. In
total five chromosomes (5, 8, 9, 10 and 12) display
significant QTL for starch content, and all QTL are
consistent in both years. No significant QTL could be
identified for enthalpy in either of the 2 years.

QTL analysis of the chipping quality and cold
induced sweetening resulted in the identification of

Cold Sweetening
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distribution of the severity of cold induced sweetening,
measured as the (on average five points) difference between
trait values measured directly after harvest and storage at 4 °C.
The grey bars represent the population distribution of the
improvement of frying colour after reconditioning, measured as
the difference between trait values measured after cold storage
at 4 °C and reconditioning. The black bars represent the
difference between 4 °C storage and reconditioning. The letters
C and E above the bars represent the parental values

five chromosomal regions (3, 5, 8, 9 and 10) influenc-
ing chipping colour. Chipping colour directly after
harvest resulted in two QTLs on chromosomes 9 and
10. After 3 months storage at 4 °C and after storage
and reconditioning, four QTLs are observed on
chromosomes 3, 5. 8 and 10 for chipping after storage
and 2 QTLs are found for chipping after recondition-
ing at chromosomes 5 and 10. The explained variances
for chipping colour are considerably lower than most
of the starch trait QTLs. For cold induced sweetening,
three QTLs are detected. Two QTLs on chromosomes
5 and 8, and one QTL at chromosome 5.

Co-localizing QTLs between different years
and traits

The QTLs observed in this study are found on 8 of the
12 chromosomes of potato. Within these chromo-
somes the QTLs of different years or traits overlap as
shown in Fig. 4. All QTLs involved in starch content
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Fig. 4 QTL- and integrated linkage map of the C x E population. QTLs are indicated with minus 2 LOD confidence intervals

are consistent between years, which is in agreement
with the very high phenotypic correlation between
years (p = 0.72). Equally strong correlations between
years were observed for starch phosphorylation and
starch gelling temperature, however, the QTLs for the
different years of these traits do not always co-
localize. For starch phosphorylation this is the case for
two of the three QTLs, on chromosomes 5 and 9 and

@ Springer

for gelling temperature only one QTL, on chromo-
some 2, co-localized between years.

On chromosomes 2, 3, 5, 8, 9 and 10 QTLs for
multiple traits co-localize, indicating that at these
locations there are possible genetic factors that
influence multiple starch traits. On chromosome 2,
QTLs for degree of phosphorylation, gelling temper-
ature and amylose content overlap. In this case, with
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Table 3 Overview of the observed QTLs for starch and chipping traits in the diploid potato mapping population C x E
Linkage group Trait QTL LOD % expl. var. Map (cM) Candidate
gene locus
2 Starch phosphorylation SP02-2 3.5 21.4 12.1 SSS11I
SP03-2 53 30.3 20.3 MW/
Starch gelling temperature SGTO02-2 12.3 35.8 12.1 SSSII
SGTO03-2 13.0 455 20.3 SSS11
Amylose content Am02-2 6.2 219 355 SSS11
Am03-2 59 17.1 0.0 SSSs11
3 Chipping color 4C Ch4C-3 4.1 7.2 16.9 StPhola
Starch gelling temperature SGTO03-3 5.2 20.5 153 StPhola
Average granule size SGS03-3 34 22.0 68.9 -
Amylose content Am02-3 5.4 222 68.9 -
Am03-3 4.8 28.5 68.9 -
5 Chipping Color 4C Ch4C-5 9.5 16.4 46.1 -
Chipping color after recond. ChAR-5 7.0 9.6 379 -
CS(AH-4C)-5 6.0 9.8 46.1 GWD
CS(AH-AR)-5 5.0 9.8 59.7 GWD
Starch phosphorylation SP02-5 3.1 15.1 47.4 GWD
SP03-5 8.1 29.0 474 GWD
Amylose content Am02-5 4.4 13.9 37.9 GWD
Starch gelling temperature SGTO02-5 6.0 17.5 335 -
Starch content SC98-5 11.3 17.3 32.1 -
SC99-5 3.1 5.0 32.1 -
Amylose content AmO03-7 52 13.6 494 -
Chipping color 4C Ch4C-8 5.1 8.9 25.1 -
Cold sweetening (AH-4C) CS(AH-4C)-8 4.0 6.8 22.8 -
Average granule size SGS02-8 7.1 26.0 63.5 -
SGS03-8 3.6 14.9 57.9 -
Starch content SC98-8 5.6 7.2 20.7 -
SC99-8 6.0 10.7 334 -
9 Chipping color after harvest ChAH-9 4.2 8.1 41.6 StPho2
Starch phosphorylation SP02-9 5.2 19.6 31.4 -
SP03-9 4.6 18.1 45.1 StPho2
Average granule size SGS02-9 3.6 20.0 47.0 StPho2
Starch content SC98-9 3.1 11.1 5.6 -
SC99-9 32 134 0.7 -
10 Chipping color after harvest ChAH-10 73 12.7 14.9 StLin8
Chipping color 4C Ch4C-10 3.6 4.9 45.2 StLin8
Chipping color after recond. ChAR-10 33 6.8 17.1 -
Amylose content Am02-10 4.0 19.6 3.2 -
Starch content SC98-10 43 15.7 17.9 -
SC99-10 52 11.7 18.6 -
12 Starch content SC98-12 4.2 9.4 13.6 -
SC99-12 33 8.3 13.6 -

Starting with the linkage group on which the QTL maps, the trait name, QTL name, QTL significance (LOD score), the percentage
explained variance per marker locus, the approximate map position and the co localizing candidate gene locus
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the exception of starch phosphorylation, the QTLs for
the individual traits are also observed in both years,
indicating that starch traits are hardly influenced by
environmental variation. At the top of chromosome 3,
coinciding QTLs are observed between chipping
colour (4 °C) and gelling temperature and at the distal
end of the chromosome QTLs coincide for granule
size and amylose content. On chromosome 5 there is a
large group of overlapping QTLs. In this group we find
QTLs for starch phosphorylation, gelling temperature
and amylose content, but also QTLs for chipping
colour at various time points and cold induced
sweetening. On this chromosomal region, both starch
characteristics, chipping colour and cold induced
sweetening traits cluster. Starch content overlaps on
the top part of chromosome 8 with cold induced
sweetening and chipping colour. On chromosome 9
QTL involved in starch phosphorylation, chipping
colour and granule size cluster. The last cluster, on
chromosome 10, contains QTLs for starch content, for
chipping colour and amylose content at all three time
points. From all these co-localizing QTLs for different
starch related traits it is clear that the same genes in the
starch biosynthesis are involved in various starch and
chipping quality phenotypes.

Candidate gene analysis

Fourteen potato genes involved in carbohydrate
metabolism have been mapped in the C x E popula-
tion. After QTL analysis several of the candidate
genes were found to co-localize with QTLs for the
starch characteristics, chipping colour and cold
induced sweetening. An overview of the candidate
genes that map together with the different QTLs is
given in Table 3, and their co-localizations are shown
in Fig. 4. Genes SSSII, SSSIII, StPhola, StPho2,
GWD and StLin8 co-localise with two or even three
different starch related traits.

Discussion

Genetic variation for starch properties

In this study, we analysed the genetic variability of
starch content in tubers and five important properties

of potato starch, namely starch phosphate content,
gelling temperature, enthalpy, granule size and
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amylose content. These starch properties are important
for the various applications of starch as gelling agent
in several industrial sectors, including food, textile and
construction (Ellis et al. 1998). Chemical and physical
(rheological) analysis of starches have been reviewed
by Singh et al. (2003), but the wide-ranging genetic
variability for starch properties caused by the enzymes
involved in granule synthesis and degradation, as well
as the trait correlations add to our understanding this
versatile polymer. The identification of the chromo-
somal position of a large number of QTLs for different
related starch properties, including the co-localisation
with loci encoding enzymes involved in starch
metabolism, indicate a refined network of interactions
involved in starch synthesis. Subsequently, we aimed
to understand chipping quality traits as a function of
starch degradation into reducing sugars. In total 38
QTLs are observed over different years for all traits.
When this number is corrected for co-segregating
QTLs, we end up with 13 QTL locations over eight
different chromosomes. Our QTL positions for various
starch properties cannot be compared with literature,
as these QTLs were not studied previously.

The QTL positions for chipping colour in this study
correlate well with the QTL positions for chipping
colour as identified by Douches and Freyre (Douches
and Freyre 1994) as do the QTL positions for sugar
content and cold sweetening as identified by Menen-
dez et al. (Menendez et al. 2002). The strong
correlation between reducing sugar content and chip-
ping colour has previously been demonstrated (Schef-
fler et al. 1992). QTLs for chipping colour in our study
confirm that major QTL are present in regions on
chromosomes 3, 5, 8, 9 and 10 (Douches and Freyre
1994; Menendez et al. 2002; Bradshaw et al. 2008; Li
et al. 2005), although strict comparisons with pub-
lished data cannot be made due to the lack of shared
markers and map resolution. For the chipping QTLs on
chromosomes 3 we confirm the co-localisation with
starch phosphorylase StPhola, but the invertase locus
PAIN-1 and SSS-1 have been implicated as well (Li
et al. 2008). For the QTLs on 5 we propose GWD,
while Sut2 proposed by Menendez et al. (Menendez
et al. 2002) is also an important candidate. For the
QTL on 9 and 10 the apoplastic invertases were
proposed (Menendez et al. 2002). QTLs for frying
colour, after 4 and 10 °C storage have also been
identified (Bradshaw et al. 2008). These QTLs are
located on chromosomes 1, 6 and 11. However, these
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QTLs are not observed in our analysis with the
exception of the QTL on chromosome 1 with AGPasS
as candidate gene, in the other report on cold induced
sweetening (Menendez et al. 2002).

The putative role of candidate genes on starch
properties and chipping quality

On chromosome 5 we mapped GWD, this map
position is exactly co-localizing with QTLs for starch
phosphorylation and cold induced sweetening. GWD
is a clear candidate for cold induced sweetening as it
stimulates the breakdown of starch by amylases
(Edner et al. 2007) and is previously reported to have
an effect on cold induced sweetening via the amount of
phosphorus it integrates in the starch granules, in this
way affecting the degradability of the granules (Lor-
berth et al. 1998). The main function of GWD is starch
phosphorylation by a dikinase-type reaction (Mikkel-
sen et al. 2004), making it a strong candidate gene for
starch phosphorylation as well. Next to that, GWD is
also just in the 2LOD interval of the QTLs for starch
content, chipping, amylose content and starch gelling
temperature. Based on function, approximate position
and previous results (Schafer-Pregl et al. 1998) and the
fact that on chromosome 5 a co-localization is reported
of the QTL for sucrose and fructose content with Sut2
(Barker et al. 2000), Sut2 is probably the most
promising candidate gene for at least the starch
content QTLs. Marker development in our research
for Sut2, on the basis of known exon sequence
information did not result in a workable CAPS marker,
therefore we were not able to confirm this hypothesis
in our research. However the earlier reports (Schafer-
Pregl et al. 1998) linked QTLs for starch content to the
position of Sut2 gene, suggesting the possibility of two
independent QTLs on the upper arm of chromosome 5.
For the QTL on chromosomes 9, no co-localizing
QTLs are observed in the C x E population. In
previous reports however, apoplastic invertases were
linked as candidate genes to QTLs on this chromo-
some (Menendez et al. 2002; Li et al. 2005). On
chromosome 9 the invertases were mapped on the
upper arm, whereas in our experiments we mapped
them on the lower arm of the chromosome. Either the
different genetic background or the difference in
mapping position could have caused this absence of
co-localization. Recently the lack of cold induciblity
of the four cell wall invertases on chromosome 9 and

10 was shown, making these genes unlikely candidates
(Liu et al. 2010). Furthermore, the link between
invertase and chipping colour was explained by the
PAIN-1 locus (synonymous to StvacINVI) on chro-
mosome 3 and other members of invertase inhibitor
gene family at several chromosomal positions (Liu
et al. 2010). Preliminary QTL analysis on an earlier
version of our genetic map, without the majority of the
candidate genes, did not show QTLs on previously
reported positions, such as on chromosome 7. The co-
localization of the genes Sps and Sus3 with QTLs for
sugar content, however, was reported (Menendez et al.
2002). Our data clearly shows that the QTLs on
chromosome 7 were absent; it was thus decided not to
develop working markers for these genes. For the
same reason, no markers were mapped for Sutl on
chromosome 11.

Most of the reproducible and co-segregating QTL
effects in the C x E population are tightly linked to
candidate genes at indistinguishable loci. On chromo-
some 2, QTLs for degree of phosphorylation, gelling
temperature and amylose content overlap. For nearly
all traits, the QTLs for the different years overlap,
indicating a consistent genetic factor regardless of the
environment. The LOD profiles of these QTLs co-
localize with the map position of SSSII, implying that
SSSII is a candidate gene for these traits. SSSII is,
together with SSSIII, responsible for the synthesis of
amylopectin in the tuber (Edwards et al. 1995). Up to
80 % of the starch granule comprises amylopectin
making it the most important constituent of starch. As
a consequence, changes in the amylopectin production
by SSSII, will most likely have an effect on the total
amount of starch produced therefore making a relative
increase in amylose content possible by a unaltered
amylose production. This explains the match of QTLs
Am02-2 and Am03-2 with SSSII even though SSSII is
not directly involved in the production of amylose
itself. On the contrary, GBSSI, located on chromo-
some 8, is responsible for amylose production (van de
Wal et al. 2001). An explanation for the fact that we do
not observe a QTL on chromosome 8 could be due to
the fact that the alleles for GBSSI present in the
population appear not show a difference in amylose
production. Consequently, no QTL is detected at the
GBSS locus and QTLs at the positions of other less
obvious candidate genes involved in amylose biosyn-
thesis (such as SSSII) co-localise with QTL on
chromosome 2. An earlier article describing antisense
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plants with reduced activity of SSSII (Edwards et al.
1999) an effect of the reduced SSSII expression on the
gelatinisation behaviour of starch was found. This is
consistent with the co-localization of the QTLs
SGT02-2 and SGTO03-2 with SSSII. Effects on the
gelatinisation behaviour of starch, caused by differ-
ences in numbers and lengths of double helices of
amylopectin (Cooke and Gidley 1992; Moates et al.
1997) are a good indicator for differences in structure
possibly caused by allelic differences in SSSII
expression. For starch phosphorylation we find QTLs
co-localizing in 1 year with SSSII and in the other year
with SSSIII. A clear effect of starch synthases on the
degree of phosphorylation is apparent, but there is also
an obvious environmental effect shifting the focus
between years/environments between both SSSII and
SSSIII. Antisense potato lines for SSSII, SSSIIT and
combined SSSII/SSSIII show clear reductions in
phosphorylation levels (Jobling et al. 2002) indicating
that both starch synthases have an effect. This effect is
possibly caused by the decrease of the amylopectin
chain length, reducing the surface to which phospho-
rus can be attached.

Other genes that appear as candidate genes are two
types of starch phosphorylase, more specifically
plastidic phosphorylase A (StPhola) and cytosolic
phosphorylase (StPho2). Both genes are involved in a
reversible reaction where a glucose-1-phosphate
(G1P) is used as substrate in order to add glucose to
the a-glucan chain with the release of phosphorus (Pi).
StPhola, in the C x E population, is a candidate gene
for onset of starch gelling, chipping and starch granule
size. Starch gelling temperature is shown to be
affected by the action of Phol genes in Phol deficient
rice plants. It was clearly shown that the onset
temperature of starch was significantly lower in the
plants with Phol deficiency (Satoh et al. 2008). Apart
from the change in starch gelling temperature in the
same rice experiments, a difference in granule size
was observed. The Phol deficient plants showed
smaller starch granules than the wild type plants. This
is in line with the results we obtained. Both StPhola
and StPho2 co-localize with QTLs for starch granule
size (SGS03-2 and SGS03-9). Furthermore StPho2
maps together with SP03-9, a QTL for starch phos-
phorylation. We suggest that this may be because of
the action of StPho2, by releasing a Pi, it not only
reduces chain length but on the larger scale of the
whole granule influences the amount of phosphorus
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that is incorporated in the granule. Lastly, QTL co-
segregating with StPhola is chipping colour, although
for a different time point, a QTL for chipping colour is
also observed at the location of StPho2. An explana-
tion for this result can be that StPho2 is involved in
degradation of starch as it is hypothesised that,
although its actions are reversible, phosphorylases
favour a role in the degradation of starch (Satoh et al.
2008).

Conclusions

Combined with the already existing knowledge on
genes and interactions within the starch biosynthesis
and degradation complex, the results of the QTL
analysis in this study provide an increasing insight in
the genetic components in potato involved in starch
traits and chipping colour. The candidate genes found
here, are however so conserved that these results can
also be of importance in starch related traits in other
crop species. The observed marker-trait correlations,
like the link between GWD, starch phosphorylation
and chipping quality as trade-off suggests that marker
assisted selection for specific GWD alleles allow
either for the selection for higher starch phosphate
levels or improved chipping quality. In general, these
results provide a starting point for further investiga-
tions and for indirect selection via molecular markers
in an effort to improve the existing potato varieties on
the traits related to starch.
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